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Introduction. 
-  *  - 

The  reoent  developments  of  the  electron  theory  of  mag- 
netism make  a  knowledge  of  the  magnetic  properties  of  cobalt  -  es- 
pecially the  saturation  value  of  the  intensity  of  magnetization 
as  a  function  of  the  temperature  -  of  great  theoretical  interest. 
The  present  investigation  was  undertaken  with  the  objects:- 

1«  To  determine  the  specific  intensity  of  magnetization  - 
i.e.  the  intensity  of  magnetization  per  unit  mass  -  at  various 
temperatures  up  to  a  temperature  above  that  at  which  spontaneous 
f erro-magnetism  disappears. 

2*  To  deduce  from  these  data  the  value  of  the  intrinsic 
molecular  field  of  cobalt  and  the  moments  of  the  elementary  magnets. 
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Historical, 

wm     *^  ^ 

In  moat  of  the  earlier  work  on  cobalt,  the  object  seemB 
|    to  have  been  to  compare  its  properties  with  those  of  iron  and 
nickel.      This  was  probably  due  in  part  to  the  fact  that  at  that 
time  there  was  no  definite  system  of  units  in  which  to  express  the 
re suits. 

Among  the  earliest  investigations  is  one  by  E.  Becquerel  . 
He  teBted  bars  of  iron,  nickel,  and  cobalt  of  the  same  dimensions 
by  observing  their  periods  of  oscillation  when  suspended  between 
the  poles  of  a  magnet.      He  concluded  that  the  "magnetisme  spec-* 
if i que"  of  cobalt  at  ordinary  temperatures  was  the  same  as  that 
of  soft  iron  or  nickel.      He  also  states  that  cobalt  loses  its 
magnetic  properties  at  "rouge  blanc  du  fer  de  forge". 

Under  the  title  "Ueber  das  Gesetz  der  Induction  bei  para- 
j    magnetischen  und  diamagnetischen  Substanzen" ,  Plttcker^  gave 
|    a  theoretical  discussion  of  magnetism  and  also  described  an  elab- 
orate series  of  experiments. 

The  first  article  giving  any  real  numerical  data  on 
cobalt  is  that  of  Rowland^  on  the  "Magnetic  Permeability  and  Maximum 
of  Magnetism  of  Nickel  and  Cobalt".      He  tested  several  rings  of 
cobalt  turned  from  buttons  obtained  by  melting  the  metal  under 
glass  in  a  French  crucible.      He  states  that  the  rings  contained 
traces  of  iron  and  nickel  and  that  they  may  have  absorbed  impurities 
from  the  crucible.      His  tests  were  conducted  over  a  range  of  temp- 
eratures from  5°C  to  230°0  and  with  fields  up  to  147  c.g.s.  units. 

1.  Comp.  Rend.,  20,  pp.   170g-1711.  (l£45). 

2.  Pogg.  Ann.,  9T7  pp.   1-56.  (1#54). 

3.  Phil.  Mag.,  1*5*4,  np.  321-340.  (1#74). 
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They  show  that  the  permeability  increases  with  rise  of  temperature 
"at  all  magnetizing  forces  within  the  limits  of  the  experiment". 
From  his  results  he  concludes  that  the  values  of  B  and  I  for  cobalt 
approach  maxima  of  10,000  e.g. a.  and  #00  c.g.s,  units  respectively. 

An  article  by  Hankel^"  entitled  "Ueber  das  magnetische 
Verhalten  des  Nickels  und  Kobaltes",  gives  some  comparative  data 
on  nickel  and  cobalt.      The  results  are  given  in  arbitrary  units 
and  he  concludes  that  for  the  highest  fields  used,  the  magnetization 
of  cobalt  and  nickel  are  in  the  ratio  of  91  to  1 33* 

In  1£>79  H.  Becquerel^  published  a  long  memoir  in  which  is 
described  a  series  of  comparative  tests  on  nickel  and  cobalt,  using 
Swedish  iron  as  a  standard.      He  used  both  the  method  of  oscilla- 
tions and  an  electromagnetic  balance.      Most  of  his  work  was  on 
nickel,  and  his  results  with  a  cobalt  wire  differed  by  30$  to  Aofo 
from  those  obtained  with  a  cobalt  bar.      This  may  have  been  due  to 
j    his  use  of  a  different  iron  standard. 

Gaiffe^  prepared  cobalt  electrolytically  and  studied  its 
properties  by  the  magnetometer  method.      Unfortunately  his  paper 
gives  no  data  as  to  the  dimensions  of  his  specimens  or  apparatus, 
and  the  only  results  which  he  gives  are  for  the  values  of  the  coer- 
cive force. 

Trowbridge  and  McRea'  carried  out  quite  a  series  of  tests 
on  the  effect  of  temperature  on  the  permeability  of  iron  and  also 
made  two  series  of  tests  on  cobalt.      At  -5°C  for  a  sample  of 

4.  Ann  der  Physik,  1,  pp.  2*5-296.  (1&77). 

5.  Ann.  de  Chiin.  et""de  Phys.,  Ser.  5,  l£,  pp.  227-2*6 «  (1*79). 
Comp.  Rend.,  pp.  111-114.  (1*79). 

6.  Comp.  Rend.,  9,3,  PP«  ^ 1-462.  (1#£1)« 

7.  Proc.  Am.  Acad.  Arts  and  Sciences.  20,  pp.  462-472.  (l£>£4-*5). 


"softened"  oobalt,  they  showed  that  the  permeability  increased 
with  increasing  field  from  H  =  0.3,  B  =  27,        =  91  up  to  H  =  7«1> 
B  =  2211,    jU- =  311  and  then  decreased,  their  highest  field  of  H  = 
£4.6  giving  B  =  992#,   JU  =  117*      For  a  sample  of  "hardened"  cobalt 
at  20°C  they  found  much  smaller  values,  the  extremes  being  H  =  3.1, 
B  =  37,    jo.  =  12  and  H  =  110,  B  =  2575,     p-  =  23,  with  the  maximum 
permeability  coming  at  H  =  £4.5,  B  =  2476,        =  29. 

By  using  the  method  of  Gauss,  Berson^  studied  the  effect 
of  temperatures  up  to  320°C  on  the  magnetic  moments  in  low  fields 
of  bars  of  iron,  steel,  nickel,  and  cobalt.      For  a  field  of  H  = 
33.4  he  showed  that  the  "total  magnetization"  at  321. 5°C  was  approX' 
imately  2.£  times  as  great  as  at  21.5°C  while  the  "permanent  mag- 
netization" increased  about  four  fold  for  the  same  change  of  tem- 
perature.     His  data  also  shows  that  the  ratios  of  the  permanent 
to  the  total  magnetization  at  these  two  temperatures  are,  respect- 
ively, O.35  to  3.0  and  1.35  to  £.15. 

A  considerable  amount  of  work  has  been  done  by  several 
investigators,  especially  Bidwell  and  Nagaoka,  upon  the  phenomena 
of  magneto-striction  and  the  effects  of  stress  and  strain  upon 
magnetization  in  iron,  nickel,  and  cobalt.      In  one  or  two  places 
these  papers  give  data  upon  the  intensity  of  magnetization  of  co- 
balt.     In  one  of  his  articles,  Bidwell^  mentions  the  fact  that  the 
magnetization  of  cobalt  increased  with  increase  of  field  up  to  the 
highest  fields  which  he  used,  H  =  700. 

g.  Journal  de  Physique,  y_39  pp.  437-456.  (1££6). 

Annales  de  Chim.  et  de  Physique,  Ser.  6,  £,  pp.  433-502.  (1&£6). 

Lura.  Electr.,  21_,  pp.  259-267.  (1££6). 
9.  Phil.  Trans.  Roy.  Soc.  London,  179A,  pp.  205-230.   (1£6  ). 
For  cobalt  see  page  215. 


The  development  of  the  "Isthmus  Method"  by  Ewing  and  Low10 
permitted  the  use  of  much  higher  values  of  H  than  had  been  used  pre- 
viously, and  they  made  tests  on  cobalt  for  fields  up  to  H  =  14,990. 
Their  experiments  showed  that  the  value  of  I,  intensity  of  magnetiz- 
ation, approached  a  limiting  value  which  they  placed  at  about  1300 
for  the  specimen  examined.      This  corresponds  to  a  value  of 
specific  intensity  of  magnetization,  between  150  and  160,  depending 
upon  the  density  of  their  sample.      They  also  showed  that  the  per- 
meability decreased  very  rapidly  for  values  of  B  from  17>200  to 
20,000,  being  12.£  at  the  former  and  5.0  at  the  latter.      It  then 
decreased  more  slowly,  reaching  the  value  2.1  at  B  =  31>600. 

DuBois''1  has  determined  the  value  of  Qf  at  temperatures 
between  9°C  and  300°C  for  fields  up  to  900  c.g.s.  units  by  the  mag- 
netometric  method.      By  a  method  based  on  the  Kerr  effect  he  carried 
his  investigations  up  to  fields  of  several  thousands.      At  a  temper- 
ature of  0°C  and  a  field  inside  the  specimen  of  H*  =  8,000,  he  found 
CT  =154,  while  at  100°C  and  Hf  =  3,400,  he  found     6"  =  149.  As 
will  appear  later,  the  values  obtained  for  saturation  bv  the  author 
differ  from  these  by  only  a  few  percent.      In  an  article  on  "Kerr*s 
Magneto-Optic  Phenomena"^    duBois  gives  a  curve  showing  I  as  a 
function  of  H  from  H  =  420,  I  =  520    up  to    H  =  #00,  I  =  £15. 

In  1&99  Fleming,  Ashton,  and  Tomlinson1*  published  a  very 
complete  article  upon  the  "Magnetic  Hysteresis  of  Cobalt".  The 
sample  tested  was  a  ring  of  about  96$  cobalt,  the  impurities  includ- 
ing carbon  1.4$,  iron  0.9$,  and  nickel  0.8$.      Their  article  shows 

10.  Phil.  Trans.  Roy.  Soc.  London,  ISOA,  pp.  221-244.  (1&S9), 

11.  Phil.  Mag.,  19,5.  pp.  293-306.  (T!?90). 

12.  Phil.  Mag.,  195,  pp.  253-267.  (1#90). 

13.  Phil.  Mag.,  214,  pp.  271-279.  (1*99). 
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eleven  complete  hysteresis  curves  for  maximum  values  of  H  from  6.7 
to  114,  with  corresponding  values  of  B  from  911  to  8,257 • 

Beattie1^  has  studied  the  hysteresis  of  cobalt  in  a 
rotating  field. 

In  an  article  on  "Magneto-Striction  of  Steel,  Nickel, 
Cobalt,  and  Nickel-Steel"  by  Nagaoka  and  Honda1     some  results  are 
given  for  the  intensity  of  magnetization  of  both  cast  and  annealed 
cobalt  in  fields  up  to  about  £00.      Their  specimens  contained  from 
4  to  5  percent  of  nickel  and  over  one  percent  of  each  iron  and  car- 
bon, the  percentage  of  carbon  being  higher  in  the  annealed  than  in 
the  cast  specimen.      They  used  the  magne tome trie  method  and  found 
that  cast  cobalt  for  H  =  7#°  gave  I  =  1 1 36 ,  while  annealed  cobalt 
for  H  =  7&0  gave  I  ■  699 •      They  concluded  that  "The  magnetization 
of  cast  cobalt  is  nearly  double  that  of  the  annealed  metal.  The 
magnetization  of  annealed  cobalt  is  characterized  by  its  high  dif- 
ferential susceptibility". 

Two  articles  have  recently  been  published  which  are  of 

very  great  interest  from  a  theoretical  point  of  view.      One  is 
1 6 

by  P.  Weiss      and  gives  results  at  ordinary  temperatures;  the  other 

1 7 

is  by  Weiss  and  Kamerlingh  Onnes  '  and  gives  the  results  of  their 
work  at  very  low  temperatures.      In  the  investigation  described 
in  the  first  of  theBe  papers,  the  saturation  value  of  the  specific 

14.  Phil.  Mag.,  21?,  pp.  642-647.  (1901). 

15.  Phil.  Mag.,  220,  pp.  45-72.  (1902). 

16.  Journal  de  Physique,  Ser  4,  £,  pp.  373-393.  (1910). 

Archives  des  Sciences  (Geneve),  Ser.  4,  29>  pp.  175-203.  (1910). 

17.  Journal  de  Physique,  Ser.  4,  £,  pp.  555-?S4.  (1910). 

Konink.  Akad.  Wetensch.  Amsterdam,  Proc.  1^2,  pp. 649-677.  (1910). 
Comp.  Rend-,  150,  pp.  6S6-6&9,  (1910). 
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intensity  of  magnetization  was  determined,      Weiss  found  that  the 

law  of  approach  to  saturation  at  17°C  for  cobalt  was  given  by 

<D  =  162  (  1  -  1.11  i||  ) 

By  plotting   C  as  a  function  of  1/H2  and  extrapolating  he  found 

the  saturation  value  to  be  162  at  17°C.      These  results  were  con- 

1  £ 

firmed  by  the  work  of  Droz      published  at  the  same  time.      In  the 
second  investigation  measurements  were  taken  at  temperatures  as 
low  as  that  of  liquid  hydrogen.      The  value  of   <5~  at  these  very 
low  temperatures  was  found  to  be  less  than  163.6.      The  results 
obtained  by  the  author  in  the  present  investigation  agree  very 
closely  with  these  results. 

Very  recently  Weiss1 9  has  measured  the  specific  suscep- 
tibility of  cobalt  in  the  temperature  interval  from  1156°C  to  1302°C 
using  a  method  similar  to  that  employed  by  Curie  in  his  classical 
researches  on  the  magnetic  properties  of  bodies  at  high  tempera- 
tures20,     Weiss  states  that  the  "Curie  point"  for  cobalt  is  pro- 
bably in  the  neighborhood  of  1110°C, 


1£,  Archives  des  Sciences  (Geneve),  Ser  4,  2£,  pp.  204-224  and  290- 
309.  (1910). 

19.  Archives  des  Sciences,  Ser.  4,  31 ,  pp.  5-19  and  #9-117.  (1911). 

20.  Annales  de  Chimie  et  de  Physique,  Ser.  7,        pp.  2&9-405.  (1&95). 
0euvre3,  pp.  232-334. 
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Theory  of  Method  Used. 
-  *  - 

As  stated  in  the  introduction,  the  purpose  of  this  inves- 
tigation was  to  determine  the  saturation  value  of  the  specific  in- 
tensity of  magnetization  of  cobalt  at  various  temperatures  up  to 
1150°C,  that  is,  up  to  a  temperature  somewhat  above  that  at  which 
it  ceases  to  be  f erro-magnetic.      For  this  purpose,  the  method 
used  by  Weiss^  seemed  best  adapted.      It  consists  essentially  in 
observing  the  throw  of  a  ballistic  galvanometer  connected  in  serieB 
with  a  helix  placed  in  a  strong  longitudinal  magnetic  field  when 
an  ellipsoid  of  the  substance  to  be  tested  is  suddenly  jerked  out 
of  the  helix.      The  throw  of  the  galvanometer  is  then  compared  with 
that  produced  when  a  known  current  is  made  or  broken  through  the 
primary  of  a  standard  helix,  the  secondary  of  which  is  included  in 
the  galvanometer  circuit. 

The  formulae  used  may  be  developed  as  follows:-    The  mag- 
netic field  inside  an  ellipsoid  placed  in  a  uniform  external  field 
is  uniform,  but  it  is  less  than  the  external  field  by  an  amount 
equal  to  the  product  of  the  intensity  of  magnetization,  I,  by  the 
demagnetizing  factor,  L,  which  depends  upon  the  shape  of  the  ellip- 
soid. 

Let  HD=  the  external  field, 

H  =  the  field  inside  the  ellipsoid, 

I  =  the  intensity  of  magnetization, 

L  =  the  demagnetizing  factor  of  the  ellipsoid. 
It  can  then  be  shown21  that  for  a  prolate  ellipsoid  of  revolution 

H  =  HQ  -  L.I 

21.  Maxwell.  "Treatise  on  Electricity  and  Magnetism"  3rd  Ed.  Vol.11, 
paragraphs  437-432,  pp.  66-69.  ;  voi.i±, 
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where 


arid 


47T 


5* 


log 


1  +  e 
T~T-e" 


-  1  ) 


e  = 


V  a2  -  c2 


5 


and  a  and  c  are  the  semi-major  and  semi-minor  axes  respectively 
of  the  ellipsoid. 

The  connections  are  shown  diagramat- 
ically  in  Figure  1.      When  the  ellip- 
soid is  withdrawn  from  the  helix,  S, 
a  current  is  set  up.      This  current 
produces  a  magnetic  field    HB  along 
the  axis  of  the  coil  which  opposes 
the  motion  of  the  ellipsoid.  This 


field  is  given  by  the  equation 


HB  =  47rn(  1 


=  G-i 


)  i 


where 


F.< 


ure 


n  =  number  of  turns  per  cm. 
on  S. 

1  =  length  of  S. 

d  =  diameter  of  S. 

i  =  instantaneous  value  of 

current  in  c.g.s.  units 


The  work  done  in  withdrawing  the  ellipsoid  is  equal  to  the  mean 
value  of  this  field  multiplied  by  the  magnetic  moment  of  the  ellip- 
soid, or 

W  =  H>8-m.<5"' 
=  i»G«m*6"* 


Where 


ETB  =  mean  value  of  Hs 


i    =  mean  value  of  i. 
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m  =  mass  of  ellipsoid. 

(j  =  specific  intensity  of  magnetization 
I 

density 

But  this  work  must  be  equal  to  the  work  done  in  establishing  the 
current,  viz. 


T 

e*i»dt 


By  the  "first  theorem  of  the  mean",  we  may  write  this 


e*i-dt 


'X 

e«dt 


Hence 

or 

But 

where 

Hence 

But 

where 


-J 

-       -  r 

i*G«m«^  =  i  I  e»dt 
G«m»^  =    I  e 

Jo 

e  =  R*i 


e«dt 


R  =  total  resistance  of  the  circuit, 
dt  =  q 


-I 


r 

i«dt 


I'- 


q  =  the  total  quantity  of  electricity  discharged 
through  the  galvanometer. 


Hence 

where 

and 


G*m»6*  _ 


R 


=  k»d 


(  1  ) 

d  =  the  deflection  of  the  galvanometer 


k  =  the  constant  of  the  galvanometer, 
k  and  R  may  be  eliminated  by  means  of  the  standard  helix,  S<j, 
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Let  A  =  area  of  cross-section  of  the  primary  of  S-j  • 

n<j=  number  of  turns  per  cm.  on  primary. 

n'=  total  number  of  turns  on  secondary. 

1<j=  length  of  primary. 

d-|=  mean  diameter  of  primary. 
Also  let  eX  and  i2  be,  respectively,  the  e.m.f.  induced  in  one  turn 
of  the  secondary  and  the  instantaneous  value  of  the  induced  current 
when  the  current  I*  is  made  or  broken  in  the  primary. 


Then 


t  d$ 
62  =  "  dt 


and 


$  =  W  (1.^)1. 

1 


10  2'1* 


if  I*  is  expressed  in  amperes. 

Since  there  are  n*  turns  on  the  secondary,  the  total  e.m.f.  set  up 
is 

e2  =  n*e£ 

,  d$ 
=  -  n  dt 


Hence 


=  io  R 


i2  dt  =  -  d$ 


The  quantity  of  electricity  discharged  through  the  galvanometer  is 

C 

q2  =    \  i2  dt 

Jo  ~0 

=  led*  (  2  ) 
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where  d*  is  the  galvanometer  deflection  and  $-j  is  the  flux  corres- 
ponding to  I'.      Dividing  (1)  by  (2)  we  have 

G*m»^Q  d 
"Fl]  d» 

Hence  2  2- 

,       4tt  nin'A(  1  -  d.,/2  1*   )  I1 

10  hi  4?m(l  -  d^/2  1*  )  d* 


Since 


n-jn'AC  1  -  d^/2  )  I» 
10  mn{  1  -  d2/2  I2  )  df 

=  K-d 

x  density 


-  •  d 


-  # 

2  ,  2 

we  have  n-jn'  A  (  1  -  d<|/2  1-|   )  I» 

I  =  —  •  -  •  d 

10  V  n  (   1  -  d2/2  I2  )  df 

=  K»»d 

The  advantage  in  using    5  rather  than  I  lies  in  the  fact  that  <5~ 
is  independent  of  changes  in  density  or  volume  due  to  change  in 
temperature. 


-  13  - 

Apparatus. 

-  *  m 

Magnet.     The  magnetic  field  was  obtained  by  means  of  a 
large  electromagnet  of  the  duBois  type.      The  core  was  approximate- 
ly 10  cm.  in  diameter.      For  this  work  it  was  equipped  with  a  pair 
of  conical  pole  pieces  2.5  cm.  in  diameter  at  the  smaller  end. 
A  hole  2.1  cm.  in  diameter  was  drilled  through  these  to  permit  the 
ellipsoid  to  be  withdrawn.      The  magnet  would  carry  25  amperes  for 
several  minutes  without  undue  heating.      For  each  air-gap  used, 
the  strength  of  the  field  at  the  center  was  determined  by  means  of 
a  flip  coil  and  ballistic  galvanometer  calibrated  by  comparison 
with  a  standard  helix.      The  field  was  also  measured  with  a  magnet- 
ic balance  made  by  Weber  in  Zurich  and  practically  identical  with 

op 

the  one  described  by  Weiss'141.      The  results  obtained  by  the  two 
methods  were  in  close  agreement.      For  convenience,  the  value  of 
the  field  for  currents  from  2  to  25  amperes  was  determined  by  steps 
of  two  or  three  amperes.      From  these  data,  curves  were  plotted 
giving  H  as  a  function  of  the  current.      Copies  of  these  curves 
are  given  in  Figure  2.      The  curves  actually  used  in  the  calcula- 
tions were  plotted  to  such  a  scale  that  1  cm.  was  equivalent  to 
100  or  200  lines  per  square  centime tor* 

Galvanometer.    The  galvanometer  used  was  a  Leeds  and 
Northrup  type  H  instrument.      It  had  a  resistance  of  26.4  ohms,  a 
ballistic  sensibility  of  45.6  mm.  per  microcoulomb  on  open  circuit 
with  a  scale  distance  of  50  cm.,  and  a  period  of  12.7  seconds  on 

22.  Journal  de  Physique,  j$6,  pp.  432-435.  (1907). 

See  also:-  T^Eclairage  Electrique,  24,  pp.  257-266.  (1900). 

Journal  de  Physique,  29,  pp.  3&3-390,  (1900). 
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open  circuit.      The  scale  used  had  500  divisions  in  a  length  of 
25  cm.  and  was  made  by  photography  from  a  very  accurate  50  cm. 
scale.      The  telescope  and  scale  were  placed  at  a  distance  of 
2#0  cm. , approximately,  from  the  galvanometer.      At  this  distance, 
with  the  finer  scale,  the  sensitiveness  was  increased  about  ten 
fold.      With  this  arrangement,  the  "throw"  could  be  read  accurately 
to  0.5  of  a  scale  division  or  even  less.      As  the  Instrument  as 
used  was  on  closed  circuit,  it  was  practically  aperiodic,  and  its 
sensitiveness  was  considerably  reduced. 

Heating  Apparatus.     The  induction  helix  was  used  as  the 
core  around  which  was  built  up  a  small  electric  furnace  to  give 
the  necessary  temperatures.      For  various  reasons,  two  separate 
pieces  of  apparatus  were  built,  one  for  the  lower  temperatures, 
the  other  for  the  higher  temperatures. 

Up  to  550°C  the  apparatus  shown  in  section  in  Figure  3 
was  used.      The  induction  helix  was  of  bare  copper  wire  wound  on 
a  hard  glass  tube.      The  wire  was  held  in  place  by  "caementium"  * 
and,  where  necessary,  fibres  of  asbestos  were  worked  in  between 
the  individual  turns.      The  heating  coils  were  of  german  silver 
and  were  insulated  from  the  induction  helix  by  a  glass  tube  as 
shown. 

In  order  to  decrease  the  temperature  gradient  at  the  cen- 
ter of  the  induction  helix,  two  heating  coils  were  used.      The  in- 
ner one  was  wound  as  regularly  as  possible,  while  the  outer  one 
was  wound  closely  at  the  ends  but  with  the  turns  much  farther  apart 
at  the  middle.      The  two  coils  were  separated  from  each  other  by 

•  A  patent  cement  resembling  porcelain  when  thoroughly  dry. 
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Figure  3. 
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mica.      In  order  to  reduce  the  magnetic  effect  of  the  heating  cur- 
rents, the  two  coils  were  always  connected  so  that  they  opposed 
each  other  magnetically.      By  properly  adjusting  the  currents  in 
the  two  coils,  the  temperature  at  the  center  of  the  helix  could 
be  made  constant  to  within  2°C  over  a  distance  of  10  to  15  mm. 
The  coils  were  packed  in  loose  asbestos,  and  the  whole  apparatus 
was  covered  with  asbestos  board*      The  dimensions  of  the  apparatus 
are  given  in  the  figure    or  in  the  table. 

Owing  to  the  fact  that  at  the  higher  temperatures,  sat- 
uration is  reached  at  lower  fields,  the  apparatus  used  for  temper- 
atures above  550°C  was  somewhat  larger  though  of  similar  design. 
The  core  of  the  induction  helix  was  a  clear  quartz  tube.  The 
helix  was  of  bare  platinum  wire  wound  in  two  layers  separated  from 
each  other  by  mica.      The  individual  turns  were  separated  from  each 
other  by  asbestos  yarn.      Though  the  insulating  power  of  this  broke 
down  quite  considerably  above  1000°C,  actual  tests  showed  that  this 
did  not  introduce  any  appreciable  error. 

The  heating  coils  were  separated  from  the  helix  by  a 
tube  of  fused  silica.      Since  nickel  loses  its  magnetic  properties 
above  360°0,  it  was  used  for  the  heating  coils.      The  primary  heat- 
ing coil  was  in  two  layers.      Asbestos  yarn  was  used  to  separate 
the  individual  turns,  while  the  layers  were  insulated  from  each 
other  by  mica.      The  secondary  heating  coil  consisted  of  one  layer 
and  was  wound  as  in  the  other  apparatus. 

Calcined  magnesia  contained  in  a  porcelain  ring  was  used 
as  a  heat  insulator  next  to  the  coils.      Outside  of  this,  a  layer 
of  magnesia  packing  such  as  is  used  for  high  pressure  steam  pipes 
was  used.      The  whole  apparatus  was  covered  with  asbestos  board. 


a      si     *i      51      h      7'      e>     si  >ol 
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It  is  shown  in  section  in  Figure  4*        The  dimensions  of  the  coils 
are  given  in  Table  I. 

Table  I. 

-  *  - 

Apparatus  for  the  Lower  Temperatures, 
Induction  helix. 

No.  30  bare  copper  wire  wound  on  a  glass  tube. 

Total  number  of  turns  £9. 

Total  length  of  coil    4  cm. 

Turns  per  cm.  22.25 

Outside  diameter  of  glass  tube  -  mean  of  10  readings  -  0.#790cra 

Outside  diameter  of  coil  -  mean  of  5  readings  -  0.9277  cm. 

Mean  diameter  of  coil    O.9034  cm. 
Primary  heating  coil. 

22  turnB  of  No.  16  german  silver  wire. 

Total  length    3*#  cm. 
Secondary  heating  coil. 

12  turns  of  No.  16  german  silver  wire. 

Total  length    3«#  cm. 
Correction  for  magnetic  field  due  to  heating  circuits  when  connect- 
ed in  opposition  =  £.#5  I1  -  4.#2  I2. 

Apparatus  for  High  Temperatures. 

Induction  helix. 

No.  30  bare  platinum  wire  wound  on  a  clear  quartz  tube,  2  layer 
First  layer    5#  turns. 
Length  5  cm. 
Turns  per  cm.  11.6 
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Mean  diameter  of  coil    O.903  cm. 

Second  layer    62  turns. 

Length  5  cm. 

Turns  per  cm.  12.4 

Mean  diameter    1.043  cm. 

Three  layers  of  mica  were  used  to  separate  the  two  layers. 
Primary  heating  coil. 

Wound  on  fused  silica  tube  in  two  layers. 

FirBt  layer,  19  turns  of  No.  13  nickel  wire  on  5*5  cm.  length. 
Mean  diameter    1.4£  cm. 
Second  layer  17  turns  on  5*0  cm.  length. 
Mean  diameter  2.0  cm. 
Secondary  heating  coil. 

10  turns  on  4.£  cm.  length. 
Mean  diameter    2.6  cm. 

Mica  was  used  as  insulation  between  the  layers  and  coils. 
Correction  for  magnetic  field  due  to  heating  currents  when  coils 
are  connected  in  opposition  =         1-j  -  2,6  I2  • 

The  heating  coils  on  the  apparatus  for  the  high  temper- 
atures burned  out  several  times.      They  were  rebuilt  each  time  with 
substantially  the  same  dimensions  as  those  given  in  the  table. 
The  induction  helix  was  not  injured  in  any  way  during  the  experi- 
ments.     Figure  5  shows  the  furnace  and  magnet  in  position. 

Temperature  Measurements .     Temperatures  were  measured 
with  a  thermocouple,      A  Wolff  potentiometer  and  Weston  standard 
cell  were  used  to  measure  the  e,m.f.      The  resistance  in  the  gal- 
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variometer  oirouit  was  adjusted  ao  that  the  instrument  read  directly 
to  one  microvolt.      The  method  of  reading  and  calibration  was  es- 
sentially that  described  by  Clement  and  Egy?^        For  temperatures 
between  100°C  and  420°C,  a  copper-platinum  thermocouple  was  used. 
As  this  has  an  inversion  point  at  about  6o°C,  it  was  calibrated 
above  100°C.      Besides  the  boiling  point  of  water  and  the  freezing 
point  of  zinc,  several  intermediale  points  -  lying  between  120°C 
and  250°C  -  were  determined  by  comparison  with  a  carefully  cali- 
brated mercury  thermometer.      The  temperatures  were  read  from  the 
corresponding  e.m.f.'s    by  a  calibration  curve  plotted  to  such  a 
scale  that  1  mm.  corresponded  to  1°C.      A  reduced  copy  of  this 
curve  is  given  in  Figure  6. 

For  temperatures  above  420°C,  a  platinum  platinum-rhodium 
couple  was  used.  This  was  calibrated  at  the  freezing  points  of 
zinc,  silver,  and  copper.  From  these  three  known  temperatures  the 
three  constants  of  the  standard  parabolic  equation  were  calculated. 
The  couple  as  used  was  easily  sensitive  to  1  microvolt  -  equivalent 
to  about  0.1°C  -  at  1100°C.  The  temperatures  as  read  from  either 
couple  are  probably  accurate  to  1°C. 

Preparation  of  the  Cobalt  Ellipsoids. 

-  *  - 

The  first  samples  of  cobalt  obtained  were  in  the  form  of 
small  lumps  3  or  4  mm.  in  diameter.      Several  -attempts  were  made 
to  fuse  these  into  a  button,  using  first  a  small  assay  furnace  and 
later  a  coke  furnace.      These  attempts  proved  futile  owing  to  the 
very  high  melting  point  -  14#9f£°C 


23.  Univ.  of  Til.  Eng.  Exp.  Station  Bulletin  No.  36.  (1909). 


-  24  - 

After  one  or  two  preliminary  trials,  a  button  weighing 
about  200  grains  was  prepared,  by  the  Goldschmidt  process.  From 
this,  two  rings  were  turned  and  tested  by  the  ring  method.  The 
tests  on  the  larger  ring  -  No.  1  -  gave  values  of  B  of  only  about 
one  tenth  the  magnitude  to  be  expected.      Annealing  for  several 
hours  at  white  heat  improved  this  decidedly  though  the  results 
were  still  smaller  than  the  accepted  values.      The  smaller  ring  - 
No.  2  -  gave  fair  results  without  annealing.      The  results  of  these 
tests  are  shown  in  Figures  7  and  £.      Analysis  showed  that  the 
samples  contained  about  \i<>  of  aluminum. 

One  hundred  grams  of  cobalt  in  rectangular  sheets  about 
6  cm.  x  10  cm.  x  0.05  cm.  were  later  obtained  from  Kahlbaum  through 
Eimer  and  Amend.      Tests  on  a  ring  -  No.  3  -  made  by  building  up 
five  layers  of  this  showed  that  its  magnetic  properties  were  ex- 
cellent.     See  Figure  9. 

To  get  this  material  into  a  form  from  which  ellipsoids 
could  be  ground,  it  was  necessary  to  fuse  it  into  a  button  or  rod. 
At  first  this  was  accomplished  by  means  of  a  vertical  platinum 
resistance  furnace,  using  a  maximum  power  consumption  of  approxi- 
mately 2200  watts.      A  No.O  black  lead  crucible,  lined  with  a  paste 
of  9£fo  magnesite  and  2fo  bone  ash,  was  used.      After  the  lining  was 
thoroughly  dry,  a  charge  of  about  20  grams  of  metal  was  put  in  and 
covered  with  a  layer  of  borax  glass.      After  several  hours  heating 
the  cobalt  fused,  giving  a  very  homogeneous  button  about  2  cm.  in 
diameter  and  0.6  cm.  thick. 

An  attempt  to  repeat  the  process  resulted  in  burning  out 
tho  furnace  before  the  cobalt  was  entirely  fused.      However  one 
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piece  was  obtained  from  which  it  was  possible  to  turn  an  ellipsoid. 

After  considerable  practice  it  was  found  possible  to 
prepare  the  material  by  melting  it  in  a  fused  silica  tube  held  in 
an  arc*      Owing  to  the  impossibility  of  securing  anything  like  uni- 
form heating  over  even  a  short  distance,  it  was  only  with  great  dif- 
ficulty that  two  or  three  rods  approximately  0.5  cm.  in  diameter 
and  1.0  cm.  to  1.2  cm.  long  were  obtained  by  this  method. 

The  ellipsoids  were  ground  from  the  rods  on  a  Landis 
Universal  Grinder,  using  an  alundum  wheel  with  a  properly  shaped 
rim.      After  the  grinding,  the  accuracy  of  the  shape  was  tested  and 
found  to  be  satisfactory  by  projecting  the  enlarged  shadow  of  the 
ellipsoids  with  an  Edinger  Drawing  Apparatus. 

In  all,  five  ellipsoids  of  revolution,  approximately  1  cm. 
long  and  0.45  cm.  in  diameter  ,  were  prepared.      Complete  sets  of 
data,  however,  were  carried  out  for  only  two.      The  ellipsoids 
were  distinguished  for  convenience  as  A,  B,  C,  D,  and  E.  The 
method  of  preparing  each  is  given  below,  and  a  summary  of  their 
dimensions  is  given  in  Table  II. 

A  -  made  from  first  melting  in  resistance  furnace.  Cross 
section  very  accurate. 

B  -  made  from  same  button  as  A.      Not  quite  as  perfect 
cross-section  as  A. 

■ 

C  -  made  from  rod  prepared  by  melting  the  metal  in  fused 
silica  tube  held  in  the  arc.      Cross-section  fairly  accurate. 

D  -  made  from  sample  melted  in  silica  tube  in  arc.  Cross 
|   section  fairly  accurate. 
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E  -  Made  from  second  melting  in  resistance  furnace. 
Cross-section  fairly  accurate  except  for  very  slight  pit  near  one 
end. 

Table  II. 

-  #  - 

Len-  Mean 
gth  Diam. 

A  0.9965  0.4475 

B  0.9330  0.44£o 

C  0.9370  0.4110 

D  0.9960  0.4430 

E  0.9920  0.4250 

In  some  of  the  later  work,  C  and  E  became  more  or  less 
oxidized.      In  each  case  the  oxide  was  carefully  removed  with  fine 
emery  cloth  and  the  specimen  was  carefully  polished  with  crocus 
cloth  and  weighed.      Measurements  showed  that  the  shape  of  the 
ellipsoids  was  not  altered  appreciably  by  this  process. 

The  reason  for  the  low  specific  gravity  of  A  and  B  is 
unexplained  as  yet. 

A  chemical  analysis  of  the  original  material  showed  it 
to  be  100$  pure,  with  the  possibility  of  a  trace  of  nickel. 

For  temperatures  below  420°C,  the  ellipsoids  were  mount- 
ed in  glass  tubes,  sealed  at  one  end.      The  thermocouple  was  insert- 
ed through  the  other  end  and  the  junction  was  separated  from  the 
cobalt  by  a  thin  layer  of  mica.      As  a  rule  the  junction  was  about 
1/3  of  the  total  length  of  the  ellipsoid  from  the  end.      For  temper- 
atures above  300°C,  the  end  of  the  tube  through  which  the  thermo- 
couple was  inserted  was  sealed  with  sealing  wax,  and  the  whole  tube 
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was  exhausted  and  sealed  to  avoid  oxidation  of  the  ellipsoid. 

For  temperatures  above  420°C,  a  clear  quartz  tube  was 
used  to  hold  the  ellipsoid,      A  glass  tube  was  joined  to  the  open 
end  of  this  for  convenience  in  exhausting.      No  particular  diffi- 
culty was  experienced  in  making  the  joints  air  tight  with  sealing 
wax,  but  at  the  higher  temperatures  the  quartz  devitrified  upon 
prolonged  heating  and  the  end  became  "chalky".      In  this  condition 
it  would  admit  air  and  in  one  or  two  instances  as  noted  above  the 
specimens  were  oxidized  in  attempting  to  carry  out  a  second  set  of 
readings.      Eventually  it  was  found  necessary  to  re-seal  the  end 
of  the  tube  and  exhaust  the  tube  anew  after  each  set  of  readings. 
Figures  10  and  11  show  the  methods  of  mounting. 

Procedure  in  Taking  Readings. 
*  §  «■ 

The  general  method  of  taking  readings  was  as  follows. 
The  furnace  was  heated  for  several  hours  until  thermal  equilibrium 
was  established.      It  was  found  necessary  to  draw  the  heating  cur- 
rents from  a  large  storage  battery  as  the  variation  of  0.1  ampere 
caused  a  very  appreciable  change  in  temperature.      When  everything 
had  reached  a  steady  state,  the  tube  containing  the  ellipsoid  and 
thermocouple  wae  inserted.      The  position  of  the  tube  to  bring  the 
ellipsoid  into  the  center  of  the  helix  was  approximately  determined 
by  throwing  on  the  magnetic  field.      The  tube  was  then  moved  by 
steps  of  2  to  5  millimeters  along  the  helix,  and  readings  of  the 
temperature  at  each  position  were  taken  after  sufficient  time  had 
elapsed  for  the  cobalt  to  take  up  the  temperature  of  its  surround- 
ings.     As  there  is  usually  comparatively  little  lag  in  the  readings 
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of  a  thermocouple,  the  fact  that  sometimes  as  much  as  12  or  15 
minutes  was  required  before  its  readings  became  constant  showed  that 
the  thermocouple  was  registering  the  temperature  of  the  cobalt 
rather  than  that  of  the  surroundings.      Usually  it  was  possible 
to  adjust  the  heating  currents  so  that  a  change  of  a  centimeter  in 
the  position  of  the  cobalt  produced  a  change  of  only  2°  or  3°  in 
the  reading  of  the  thermocouple.      At  the  lower  temperatures  it 
was  possible  to  do  much  better  than  this.      Under  these  circum- 
stances, the  assumption  that  the  temperature  of  the  ellipsoid  was 
uniform  to  at  least  1°C  seemed  justifiable. 

The  ellipsoid  wa3  placed  in  the  position  indicated  as 
that  at  the  highest  temperature,  and  the  tube  was  marked  so  that  it 
was  possible  to  replace  it  exactly  in  this  position.      When  the 
ellipsoid  had  reached  thermal  equilibrium,  the  reading  of  the 
thermocouple  was  taken,  the  magnetic  field  was  thrown  on,  and  the 
deflection  of  the  galvanometer  when  the  ellipsoid  was  jerked  out 
of  the  helix  was  noted.      The  magnetic  field  was  then  thrown  off 
and  the  ellipsoid  was  replaced  in  position  and  allowed  to  regain 
its  former  temperature.      As  a  rule,  three  readings  were  taken  at 
each  field  strength  and  the  mean  of  the  deflections  was  used  in 
calculating  I  and  (5~.      At  the  lower  temperatures  these  readings 
usually  agreed  to  half  a  scale  division  in  two  hundred  or  more. 
At  the  higher  temperatures  the  deflections  were  not  so  great  and 
the  agreement  was  not  quite  so  good.      However  the  readings  as  a 
whole  were  very  consistent  even  under  these  circumstances,  usually 
agreeing  to  within  1$  or  at  the  most  2$  with  each  other  up  to  900°C. 
The  reading  of  the  thermocouple  was  taken  each  time  just  before  the 
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ellipsoid  was  withdrawn,  and  -  as  a  rule  -  these  readings  were  not 
allowed  to  differ  by  more  than  15  microvolts  -  corresponding  to 
1.5°C  -  during  a  series  of  readings.      At  the  very  high  temperatures 
where  the  cobalt  was  especially  sensitive  to  changes  of  temperature, 
the  variation  was  made  even  less.      The  mean  of  the  thermocouple 
readings  was  used  in  calculating  the  temperature. 

After  nearly  every  set  of  readings,  the  galvanometer  was 
calibrated  by  means  of  the  standard  helix.      The  current,  If,  for 
j    thi3  purpose  was  read  by  a  Siemens  and  Halske  milli-ammeter  which 
had  been  calibrated  with  a  standard  ohm  coil  and  potentiometer. 
For  temperatures  up  to  1000°C,  the  values  of  remained  prac- 

tixally  constant,  and  the  mean  value  was  used  in  calculating  Q  . 

The  magnetic  fields  used  ranged  from  1600  gausses  to 
6900  gausses  for  the  lower  temperatures,  giving  fields  of  from 
£.00  gausses  to  5000  gausses  inside  the  ellipsoids.      As  these  were 
insufficient  to  produce  saturation  below  350°C,  the  saturation 
values  were  determined  by  an  extrapolation  similar  to  that  of  Weiss, 
mentioned  above.      As  neither    (d  and  l/H^  nor    (J'and  1/H  gave  a 
straight  line,  both  were  plotted  and  the  mean  of  the  values  was 
used.      The  results  at  these  lower  temperatures  were  not  used  in 
the  theoretical  deductions  so  that  extreme  accuracy  in  the  extra- 
polated results  is  not  important.      Above  350°C,  saturation  could 
be  reached  with  the  fields  used,  and  at  the  higher  temperatures 
fields  as  low  as  3500  gausses  produced  saturation.      The  values  of 
the  magnetic  field  were  corrected  for  the  magnetic  effect  of  the 
heating  coils  whenever  their  effect  was  appreciable. 

In  the  interval  between  1050°C  and  1100°C  it  was  very 
difficult  to  obtain  consistent  readings  as  a  very  slight  change  in 
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temperature  produced  a  marked  change  in  <3  •      At  these  higher 
temperatures  also,  thermo-electromotive  effects  in  the  galvanometer 
circuit  caused  some  difficulty  in  the  way  of  shifting  and  uncertain 
zero.      These  were  remedied  in  part  hy  keeping  the  junctions  of 
the  platinum  leads  from  the  helix  and  the  copper  connecting  wires 
at  0<>C. 

Results.. 

-  *  - 

The  results  for  ellipsoids  C  and  E  aro  summarized  in  the 
following  tables.      Table  III  gives  a  typical  set  of  data,  end  gives 
a  fair  idea  of  the  accuracy  of  the  work  at  the  lower  temperatures. 
Tables  IV  and  V  give  the  values  of  H  and        as  observed  at  the  var- 
ious temperatures,  and  the  values  of   6^,.        Table  VI  gives  this 
data  in  more  concise  form.      Figures  12  and  13  show  the  method  of 
determining  6^  below  400°C  by  extrapolation.      The  extrapolated 
values  are  probably  accurate  to  1?£.      The  curves  in  Figures  14  and 
15  show  (5"  as  a  function  of  the  temperature.      The  very  close 
agreement  between  the  curves  for  ellipsoids  C  and  E  argues  for  the 
accuracy  of  the  data. 

From  the  data  we  can  also  calculate  B  and  draw  magneti- 
zation curves  for  high  fields  at  various  temperatures.  Several 
°f  these  are  shown  in  Figure  16. 

The  interpretation  of  these  results  will  be  discussed  in 
a  later  paragraph  from  the  point  of  view  of  the  electron  theory  of 
f erromagnetism. 
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Table  III 
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Ellipsoid  E. 

I  =  4.549  d 

\  O 

=  0.5211  dj 

L 

=  1.2277 

MC  = 

Current  through  magnet. 

MV  = 

reading  of  thermocouple  in 

microvolts. 

MC 

H0 

d 

Mean 
d 

I 

LI 

H 

<r 

104 

10s 
TP 

MV 

3.0 

24?  R 
c.*+c.z> 

217.0 

4^  C.  \J  •  w 

217.0 
223.0 

220.0 

1001 

1224 

541 

114.6 

12.5 

340.0 

920 

919 

922 

7.0 

4465 

220.0 
279.0 
279-5 

279.5 

1271 

2392 

2173 

145.6 

4.6 

21 .2 

924 
920 
921 

12.0 

5550 

221  .0 
223.0 

221 .7 

1221 

2410 

3140 

146.2 

3.2 

10.2 

925 
920 
921 

12.6 
12.4 
12.4 

63S0 

220.0 
223.0 
222.0 

221.7 

1221 

2410 

3970 

146.2 

2.5 

6.4 

925 
920 
926 

25-0 
Mean 

6925 
value 

223.0 

222.0     222.7     1226  2420 
223.0 

# 

of  thermocouple  readings  ■ 

4505  147.3 
922  MV. 

2.2 

4.9 

920 
926 
924 

Corresponding  temperature 

=  299 

.5°C 

Extremes  of 

thermocouple 

readings  =  919  MV 

and  926 

MV. 

I  * — 
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IV. 

H 

Temp. 

22°C 

H 

Temp. 

120°0 

Ellipsoid  C. 

h  cr 

Temp.  235°C 

H 

Temp. 

307°C 

H 

Temp. 

414°C. 

725 

102.4 

713 

103.0 

623 

10S.4 

500 

115.9 

460 

1 19.2 

1955 

139.6 

2154 

1 14.2 

1  yo^r 

14-9.2 

19&0 

149.6 

2055 

145.  S 

29#5 

149.1 

3031 

151.5 

3026 

151  .£ 

3060 

149.9 

3135 

146.3 

3450 

153.2 

3774 

153.5 

3#16 

152.5 

3S25 

150.4 

3930 

146.4 

3955 

154.6 

4201 

153.3 

43  £6 

152. s 

4425 

150.4 

4515 

14£.4 

4270 

155.2 

# 

161 .0 

1  5#.  5 

*  6^0= 

154.0 

151.0 

"146 .4 

Temp. 

542 °C 

Temp. 

69#°C 

Temp. 

^74°C 

Temp. 

991°0 

Temp. 

1043°C 

445 

120.2 

140 

$7.5 

370 

72.3 

770 

46.4 

2160 

139.9 

255 

124. 1 

1300 

97.9 

16#0 

72.1 

2070 

47.5 

3250 

139.6 

1620 

124.3 

2015 

97.9 

23^5 

73.1 

27&0 

49.1 

4015 

140.2 

21 1 5 

125.2 

2510 

9S.7 

2&£0 

73.3 

3290 

4^.9 

4610 

140.0 

2400 

124.9 

3915 

97.9 

3335 

71.9 

36^0 

49.5 

<%>  = 

140.2 

125.2 

92.7 

:  73.5 

=  49.  5 

Temp. 1065° C 

Temp. 10#2oC 

Temp. 1 104°C 

Temp.1 152°C 

1165 

21 .4 

3250 

6.0 

1400 

1.3 

1370 

? 

2400 

26. S 

2400 

1.9 

23^0 

? 

3060 

30.0 

3050 

2.6 

3090 

? 

3570 

29.7 

3390 

? 

4010 

29.4 

=  30.0 

:  6.0 

2.6 

<5o>  - 

• 

*  By 

extrapolation  from  curves. 
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Table  V. 

mm  mm 


Ellipsoid  E. 


H 

mm 

Temp. 

<5 
22°C 

H 

Temp. 

127°C 

H 

Temp. 

232°C 

H 

Temp. 

6~ 

300°c 

H 

Temp. 

415°C 

490 

66.6 

£76 

94.3 

720 

103.9 

540 

114.6 

650 

10£.9 

12#5 

104.6 

21££ 

13^.6 

2050 

147.0 

2175 

145.6 

2160 

142.2 

2^7  5 

1  ^4.2 

31  ^ 

147 . 1 

5115 

14&.3 

3140 

146.  S 

3240 

141 .6 

3260 

142.6 

3905 

14&.9 

3930 

149.6 

3970 

3990 

142.6 

4C65 

14S.3 

4225 

14-9.5 

4930 

149.0 

4505 

147.3 

4625 

141 .2 

4445 

149.6 

*  <Xx>  = 

161 .0 

154.0 

*<3> 

150.5 

*  c£= 

14&.0 

142.3 

Temp. 

590°0 

Temp. 

6#7°C 

Temp. 

£67  °C 

Temp. 1029°C 

Temp. 10 57 °C 

690 

106.£ 

165 

£1 .2 

200 

7^.7 

710 

53.0 

£50 

34,7 

2305 

132.7 

£30 

121 .4 

1210 

97.3 

1&50 

57. £ 

2750 

3£.4 

33^5 

133.0 

1515 

121 .9 

1950 

96.3 

2590 

56. £ 

3125 

3^.4 

4155 

133.4 

2055 

122.0 

2450 

96.  £ 

3160 

53.1 

4760 

132.9 

2450 

122.5 

2S50 

97.5 

3570 

53.5 

133.1 

122.5 

=  97.5 

=  57.0 

=  3^.4 

Temp.1113°C 

Temp. 

1 144°C 

3^00 

3.5 

1420 
2440  ■ 
3360 

? 
♦ 

9 

=  3.5 

=  ? 

*-  By  extrapolation  from  curves. 
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Table  VI. 
r  *  - 

Saturation  Value  of         as  a  Function  of  the  Temperature. 


Ellipsoid  C  Ellipsoid  E 


Temt) . 

6" 

Temp  • 

161  .0 

poo 

1  f>  1 . 0 

1  POO 

T  cj^  c: 
1  ,po  «  2 

1  26  R 

1  ^4  0 

1  ^4-0 

1  SO  -  R 

307° 

151 .0 

300° 

14S.0 

414° 

146.4 

415° 

142.3 

542° 

140.2 

590° 

133.1 

69#° 

125.2 

6£7° 

122.5 

#74° 

9S.7 

^67° 

97.5 

991° 

73.3 

1029° 

57.0 

1043° 

49.5 

1057° 

32.4 

1065° 

30.0 

1 113° 

3.5 

10^2° 

6.0 

tl44° 

? 

11 04° 

2.2 

1 152° 

? 
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Theoretical  Considerations. 

In  his  article  on  the  magnetic  properties  of  bodies  at 

1 9 

high  temperatures  to  which  reference  was  made  above  y,  Curie  called 
attention  to  the  similarity  between  the  curves  showing  I  as  a  func- 
tion of  the  temperature  for  iron  and  nickel,  on  the  one  hand,  and 
the  curves  showing  the  relation  between  the  density  of  a  vapor  and 
the  temperature  on  the  other,      Langevin2^  a  little  later  worked 
out  on  the  electron  theory  a  mathematical  theory  of  paramagnetism 
based  upon  the  assumption  that  the  molecules  of  a  paramagnetic 
substance  obey  the  gas  law.      Weiss2^  extended  this  theory  to  ex- 
plain the  phenomena  of  f erromagnetism  by  the  aid  of  the  analogy 
pointed  out  by  Curie.      The  sudden  increase  of  density  when  a  vapor 
liquifies  is  due  to  the  fact  that  an  enormous  internal  pressure 
is  suddenly  brought  into  play  in  addition  to  the  external  pressure. 
Similarly  Weiss  explained  the  fact  that  the  ferromagnetic  properties 
suddenly  appear  when  the  temperature  is  lowered  below  a  certain 
critical  temperature  by  assuming  that  a  strong  molecular  field  was 
suddenly  made  operative.      This  field  is  due  to  the  action  of  the 
molecules  upon  each  other  and  is  called  by  Weiss  the  "intrinsic 
molecular  field".      Of  course  the  analogy  is  not  perfect  for  if  it 
were  we  should  expect  the  pressure-density  curves  at  constant 
temperature  to  show  the  phenomenon  of  hysteresis. 
Weiss  has  calculated  the  value  of  this  intrinsic  field  for  iron, 
nickel,  and  magnetite.      Kunz2^  extended  this  work  by  calculating 
the  moments  of  the  elementary  magnets. 

24.  Annales  de  Chimie  et  de  Physique.  Ser.  5,  £,  pp.  7C-*27.  (1905). 

25.  Journal  de  Physique.  pp.  661-690.  (1907). 

26.  Phys.  Rev.  £0,  pp.  359-370.  (1910). 
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Before  outlining  the  theory  as  developed  by  these  inves- 
tigators, the  terms  diamagnetic,  paramagnetic,  and  ferromagnetic 
should  be  defined, 

Diamagnetic  substances  are  those  in  which  the  induced 
polarity  opposes  that  of  the  inducing  field. 

Paramagnetic  substances  are  magnetized  feebly  in  the  di- 
rection of  the  magnetizing    field.      The  susceptibility  is  inde- 
pendent of  the  field  strength  and  is  inversely  proportional  to  the 
absolute  temperature. 

Ferromagnetic  substances  are  very  strongly  magnetized  in 
the  direction  of  the  magnetizing  field.      The  susceptibility  is  a 
very  complicated  function  of  the  field  strength  and  the  temperature. 
The  phenomena  of  hysteresis  are  characteristic  of  ferromagnetic 
substances. 

The  phenomena  of  diamagnetism  are  accounted  for  by  assum- 
ing that  each  atom  contains  at  least  one  electron  revolving  in  an 
orbit  which  lies  wholly  within  the  atom.      The  orbits  of  the  elec- 
trons are  so  arranged  that  their  external  moment  is  zero.  Since 
temperature  affects  the  molecule  rather  than  the  atom,  the  purely 
diamagnetic  properties  should  be  independent  of  the  temperature. 
It  is  probable  that  even  the  paramagnetic  and  ferromagnetic  bodies 
also  contain  electronic  orbits  that  give  them  diamagnetic  properties 
but  the  effect  of  these  is  masked  by  the  stronger  opposing  phenomena 

In  the  paramagnetic  and  ferromagnetic  bodies,  the  revolv- 
ing electrons  are  so  arranged  that  there  is  a  resulting  external 
moment.      Curie20  showed  experimentally  for  a  number  of  paramagnetic 
bodies  that  the  paramagnetic  susceptibility,  k  =  l/Hf  is  inversely 
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proportional  to  the  absolute  temperature.      This  is  known  as  Curie's 
Le. .      Langevin,  in  his  article  to  which  reference  has  already  been 
me  e,  has  given  a  theoretical  deduction  of  this  law.      Though  some 
ry  recent  experimental  resul 

ts27  seom  to  contradict  Curie* s  Law, 
still     Ei  the  whole  it  agrees  with  the  experimental  facts  very  ac- 
curately in  a  large  number  of  cases. 

Langevin* s  theory  may  be  outlined  as  follows.      In  a  gas 
at  uniform  temperature,  not  subject  to  the  action  of  gravity,  the 
density  is  uniform  throughout.      If  gravity  is  suddenly  allowed  to 
act  upon  the  gas,  a  rearrangement  of  the  molecules  occurs;  the  low- 
er payers  of  the  gas  become  more  dense,  and  the  temperature  of  the 
gas  rises,  due  to  the  fact  that  a  certain  amount  of  potential  ener- 
gy has  been  converted  into  kinetic  energy  -  i.e.  heat.      The  change 
of  pressure  with  height  after  equilibrium  is  established  is  now 
given  by  the  familiar  exponential  law 

p  =  Po  e-**/P° 

where  p0  and       are  the  pressure  and  density  respectively  at  the 
lowest  layer,  and    x    is  the  height.      This  law  has  been  generalized 
by  Boltzmann      in  the  form 

P  =  Poew/RT 

where  W  is  the  change  in  the  potential  energy  per  unit  distance  and 
T  and  R  are  respectively  the  absolute  temperature  and  the  universal 
gas  constant. 

The  arrangement  of  the  magnetic  molecules  in  a  paramagnet- 
ic substance  when  not  under  the  influence  of  an  external  magnetic 

27.  DuBois  and  Honda.    Konink.  Akad.  Wetensch. ,  Amsterdam,  Proc.  12, 
PP.  396-602,  March  1910.      Reference  from  Science  Abstracts 
No.  736,  1910. 

^6.  Vorlesungen  fiber  Gas-Theorie,  1  Teil,  p.  1 36 . 
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field  is  exactly  analogous  to  that  of  the  gas  molecules  when  not 
under  the  influence  of  gravity,  and  the  rearrangement  caused  by 
the  action  of  a  uniform  magnetic  field  will  follow  an  exactly  sim- 
ilar law.      The  number  of  molecules,  dn,  the  direction  of  whose 
axes  are  included  in  an  elementary  solid  angle,  dw,  will  be  given 

dn  =  K  e       dw  (  1  ) 

where  K  is  a  constant.      The  potential  energy  of  an  elementary  mag- 
net of  moment  M  whose  axis  makes  an  angle    $    with  a  uniform  mag- 
netic field    E  is 

W  =  H  M  cos  $ 
From  the  figure 

dw  =  27T*  sin*  $  d$ 
Substituting  this  value  and  integrat- 


ing from  0  to  7r  we  have 
4ttK 


n  = 


sinh  a 


(   1a  ) 


Fiqure  1 7 


where 


This  result  assumes  that  the  resulting  intensity  of  magnetization 

is  in  the  same  direction  as  K.      In  general  this  will  not  be  the 

case.      If    $    is  the  angle  between  H  and  I  we  have 

dl  =  M»cos  $«dn 

and  rlC 

I    =    \   M-cos  $»dn 

Substituting  the  value  of    dn    from  (1)  and  integrating,  and  then 
substituting  the  value  of    K    from    (1a)    we  have 

t  i  cosh  a       1  \ 

I  =  n  M  (  — z —  ) 

v  sinfi  a  a. 

where    n    is  the  number  of  molecules  in  unit  volume.      Since  it  is 
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the  thermal  agitation  of  the  molecules  which  opposes  the  action  of 
H,  if  there  were  no  thermal  agitation  -  i.e.  if  the  substance  were 
at  absolute  zero  -  the  intensity  of  magnetization  would  be  a  max- 
imum, and  we  would  have 


Hence 
Since 


Im  =  n  M 


I  =  im(  22**JL  -  1  )  (  2  ) 

m    sinh  a  a 


a  =  MH  /  RT 


this  gives  „ 

I  =  Im  f  (?) 


For  paramagnetic  substances,  a  is  very  small  -  much  less  than  unity. 

For  values  of  a2  less  than  7r2,  ^  -  ~    can  be  developed  into 

a  convergent  series  as  follows 

cosh  a      1  _  1  2  _  ^  4  5 

sinh  a  "  a  ~  3         90^    +  45*42  a 

For  values  of    a    less  than  0.7,  the  terms  of  this  series  involving 

higher  powers  of    a    than  the  first  are  negligible,  and  we  have 

a 

I  =  *m 

-  M2n  H 
~  3  R  T 

=  k  H 

where    k    is  constant  for  constant  temperature.      k    is  the  para- 
magnetic susceptibility  and  is  seen  to  be  inversely  proportional  to 
T,  as  found  by  Curie  experimentally. 

In  the  case  of  f erromegnetic  substances  we  have,  in  add- 
ition to  the  external  field,  an  internal  or  molecular  field,  Hm« 
If  this  field  acted  alone,  the  intensity  of  magnetization  would  be 
proportional  to  it  and  we  would  have 
Hm  =  N.I 
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and 


Whence 


a  =  *H 
R  T 

_  M  N  I 

R  T 

a  R  T 

M  N 


I  = 


(  3  ) 


where  N  is  the  factor  of  proportionality.      Equation  (3)  shows  that 
at  any  given  temperature,  I  is  proportional  to    a  • 

For  any  temperature  below  that  at  which  the  spontaneous 
f erromagnetism  disappears,  the  value  of  I  must  satisfy  both  equa- 
tions (2)  and  (3)»        Plotting  equation  (2)  we  have  the  curve  OCA 

K          of  Figure  1#,  while  equation  (3)  gives 
the  straight  line  OA.      Obviously  the 
values  of  I  corresponding  to  the  ori- 
gin and  to  the  point    A    satisfy  (2) 
and  (3)  simultaneously.      The  value 
for  the  origin  is  for    1=0.  Hence 

Fiqure  18  the  VRlue  of"    I    which  we  wiBh  is 

that  for  A. 

The  line  OA  corresponds  to  some  particular  temperature 
T,  and  as  T  varies,  OA  rotates  about  the  point  0.      If  ©  denotes 
the  temperature  at  which  the  spontaneous  f erromagnetism  disappears, 
the  tangent  to  the  curve  at  the  origin  corresponds  to  T  =  0 

From  a  knowledge  of  the  properties  of  a  body  in  the 
neighborhood  of  <£)  it  is  possible  to  calculate  Hm,  the  intrinsic 
molecular  field,  and  M,  the  moment  of  the  elementary  magnets. 

These  calculateion  have  been  made  for  iron,  nickel,  and  magnetite. 
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The  results  are  given  in  Table  VII  which  is  taken  from  Kunz's^'" 
article. 


Table  VII. 

m    *  * 


Substance 

I  at  20°C 

Im 

Q 

N 

NI  =  Hm  M 

Fe 

18*60 

2120 

756°C 

3S50 

6,560,000 

Fe304 

430 

490 

536°C 

?  33200 

14,300,000 

Ni 

500 

570 

376°C 

12700 

6,350,000 

z  1020 


5.15 


2.02 
3.65 


We  will  show  how  these  quantities  can  be  calculated  and  then  make 
similar  calculations  for  cobalt,  based  on  the  ezperimental  data. 

In  the  neighborhood  of  the  point  at  which  spontaneous 
f erromagnetism  disappears,  we  have  both  the  ezternal  field,  He, 
and  the  internal  molecular  field,  Hm,  acting.      That  is 

H  M      M  (  H©  +  Hm  ) 


a  = 


R  T  R  T 

M  (  E©  +  NI  ) 


R  T 

or 


=  M  (  E©  +  NI  ) 

a  R 


(  4  ) 


■m 


While  the  body  is  ferromagnetic 

_  *LM  -  M  N  I 
a  "  R  T        R  T 

For  values  of    a    less  than  0.7,  the  curve  for 

is  a  straight  line,  and  we  may  take 

I  _  a 
Tm  3 

and 

1  =  a  im  (  6  ) 


(  5  ) 

£  s  oosh  a  m  1_ 
sinh  a  a 
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This  condition  will  certainly  hold  for  T  =  (g)  Hence,  putting 
T  =  ©    in  (5)  we  have 

N  I 


a  =  _ 
R  6 

-  M  N  Im  a 
3  R© 

Hence  @  _  M  N  Im  (  7  ) 

3  R 

Dividing  (4)  by  (7)  we  have 

T  =    3  He    +  3  I 
0      a  N  Im      a  Im 


=    ?  THe —   +  1 


a  N  Im 


or 


Hence 


H 


(  T  -   0  )-I  =  ^0  (  g  ) 

Equation  (£)  represents  an  hyperbola.  The  curve  giving  I  as  a 
function  of  T  for  iron  shows  this  between  756°C  and  920°C.  As 
will  be  mentioned  later,  the  curves  for  cobalt  show  a  similar  region 

To  calculate  Hm,  the  value  of    N    is  necessary.  This 
may  be  determined  from  (£)  by  taking  corresponding  values  of  I  and 
He  at  some  temperature  above  0.      Solving  (g)  for    N    we  have 

N  =  Sfi.  0 


I     T  -© 

=  1       ®  (  9  ) 

_kT  -0 

N  may  also  be  calculated  from  a  knowledge  of  Curie's  constant,, C. 
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By  Curie's  Law  we  have 

c  =  yT  =  *  t 

^  d 

where  ^  is  the  specific  susceptibility,  and    d    is  the  density. 

But  bS  I  .  I 

ff      He  +  NI 

At  T  =@  ,  He  ie  negligible  in  comparison  with  NI.  Hence  for  this 
temperature 

k  =  * 

or 

c  =  5Td® 

or 

N  =  (  10  ) 

<s> 

Having    N    we  can  calculate  Hm,  taking  I  =  Im,  giving 

Hm  =  NIm 

From  (7)  we  may  obtain  M,  the  moment  of  the  elementary  magnet,  viz. 

„=  3R@  =  ^J2.  (  „  , 

N  J-m  Hm 

Furthermore  we  may  calculate  the  number  of  atoms  which  make  up  an 
elementary  magnet.      Let  N'    be  the  number  of  molecular  magnets 
per  cubic  centimeter.  Then 

N»  M  =  In,  , 
or  T 

If  there  are    n    atoms  per  elementaty  magnet  and  each  atom  has  a 
mass  of    m    grams,  then 

n  N*  m  =  mass  per  unit  volume 
=  d 
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But  m  =  A  mfj 

where  A  is  the  atomic  weight  and  mH  is  the  mass  of  the  hydro- 
gen atom.      Hence  we  have 

d  (  13  ) 


n  =  d 


N'm      A  N'mn 


Discussion  of  Results. 
-  *  - 

The  curves  of  Figures  14  and  15  showing       as  a  function 
of  the  temperature  indicate  that  the  Curie  point  is  in  the  neigh- 
borhood of  1070°C  to  10#0°C.      We  may  take  @  as  1075°C    or  134£° 
Absolute.      From  this  value  we  can  calculate  a  theoretical  curve 
giving  <0  as  a  function  of  T,  as  follows.      The  »curve  OA  in  Fig- 
ure 1#  on  page  49   gives  us  the  relation  between    l/lm>  equal  to 
and  the  parameter    a  •      This  curve  is  drawn  to  Bcale  in  Figure  19, 
and  Table  VIII  gives  the  values  of         for  various  values  of  a. 
Hence  if  we  can  determine  the  value  of    T    corresponding  to  a  given 
value  of    a  ,  we  can  at  once  determine  the  corresponding  value  of 

<5">L  either  from  Table  VIII  or  graphically  from  Figure  19.  Know- 
ing   C^we  can  then  calculate  the  value  of  <o   for  the  given  value 
of  T.  . 

This  relation  between  T  and    a    comes  from  equation  (3) 
which  may  be  written  in  the  form 

R 


I  .  61  a 
im    ^  M 

From  equation  (7)  we  have 

M  N  Im 


N  I 


a  T 


m 


3  R 


U.  OF  I.  S.  S.  FORK 
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<T  1 

Hence 

^•Ho        3  © 

end 

This  gives  us 

the  required  equation,  and 

the  values  of  are 

given  in  Table 

VIII. 

• 

1ED16      V 1 I 1 . 
-   %   —  • 

a  Vi    0  1 

a 

sinh  a  a 

3 in  1  e  a 

U  .  U  1 

lUU.UUUU  lUU.UUUU 

U . UUUU 

U  •  1 

IU.  \Jcyy  IU.UUUU 

O  nooo 

o  o 

c  o£7£                   c  nonn 

U . UD / D 

0.3 

3.432£  3.3333 

0.0995 

0.4 

2.6317  2.5000 

0.1317 

r>  c 
U.J? 

U  .  iO 

U  .  D 

1    J?£  1  Q                         1    £  £  £  7 
I  .  OO  I  y                           I  . ODD / 

n   i  0  co 

n  7 
u.  / 

U .iiDU 

O.g 

1.5059  1.2500 

0.2559 

0.9 

1.3961  1.1111 

0.2&50 

1  n 

111x1                   1  nnnn 

\  *  j  \ j  \                             I . UUUU 

n  x  1  x  1 

1  o 

1    1  oo  c                   n  £  x  *  7 

U  •  ,)DOt 

1  Zl 

1    1  00  c                      n   7 1 / ? 

r\   /1 1  co 

1.6 

1.0&49  0.6250 

0.4599 

r.S 

1.0561  0.5556 

0.5005 

C-  .  u 

1   r>77X                  n  conn 

.2  •  u 

1  nnAo                  0  ;777 
I  tUUfy                     u.  ,2,5.5.2 

U  .  D /  ID 

*f .  u 

1.UUU/  U./ii)UU 

0.7507 

5.0 

1.0000  0.2000 

0.&000 

6.0 

1.0000  0.1667 

O.S333 

/  .  u 

1   nnnn                  n  1A00. 

I  .UUUU                          U.  \  HreLy 

U  .  0  z,  /  I 

0 

w  .  w 

1  -  noon               n . 1 p  co 

0  #7  cn 
u .  0  /  OU 

1  nnnn                  0  1111 

I  . UUUU                         U .  1  i  1  1 

u • oooy 

10.0 

1.0000  0.1000 

0.9000 

12.5 

1.0000  o.ogoo 

0.9200 
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As  noted  earlier  -  page  7  -  the  work  of  Weise  and  Onnes 
shows  that  the  value  of  S"  at  the  temperature  of  liquid  hydrogen 
is  less  than  163.6.  Assuming  this  value  for  (5^,  we  may  now  cal- 
culate the  values  of  &  and  T  corresponding  to  various  values  of 
the  parameter    a  • 

Thus,  for  (=-/ 

a  =  0.5  0.1659  from  Table  VIII. 


Hence 
and 


<0  =  0.1639  x  163.6  =  26. 2 

T  =  3  -x-  (17^|  *  x  0.1639  =  1326°Abs.  =  1053°C 

o.  5 


Carrying  out  similar  calculations  for  other  values  of    a    we  obtain 
Table  IX,  wherein    t  is  the  centigrade  temperature  corresponding 
to  the  absolute  temperature    T  • 


Table  IX. 

■»  #  m 


a 

T 

<o 

t 

0.5 
0.7 
1.0 
2.0 
3.0 

0. 1639 

0.2260 
0.3131 
0.5373 
0.6716 

1326° 
1306° 
1266° 
1026° 
905° 

26.2? 
37.0 
51.2 
^7.9 
109.9 

1053° 
1033° 

993° 
.  213° 

632° 

4.0 
5.0 
6.0 
7.0 

0.7507 

o.gooo 
0.2333 
0.2571 

759° 
647° 
562° 

495° 

122.2 
130.9 
136.3 
140.2 

426° 
374° 
229° 
222° 

g.o 
9.0 
10.0 
12.5 

0.2750 
0.2229 
0.9000 
0.9200 

442° 

399° 
364° 

29#° 

143.2 
145.4 
147.2 
150.5 

169° 
126° 

91° 
250 
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The  values  of  <0  and  t  from  Table  IX  are  plotted  in  Fig- 
ure 20  together  with  the  experimental  curve  drawn  "by  combining  the 
results  for  ellipsoids  0  and  E.      The  two  curves  are  of  the  same 
general  shape  but  the  experimental  curve  lies  entirely  above  the 
theoretical  curve.      The  difference  is  about  10  at  0°C  and  increases 
gradually  to  20  at  600°C.      From  that  point  on  up  to  1050°C  the 
difference  between  the  two  curves  at  any  temperature  is  practically 
constant,  lying  between  20  and  21.      Hence,  if  the  theoretical 
curve  is  shifted  up  20  divisions  it  will  coincide  with  the  exper- 
imental  curve  in  the  interval  500°C  to  1050°C.      This  is  shown  by 
the  double  circles  in  Figure  20, 

In  the  interval  above  1070°C  the  experimental  curve  has 
the  general  form  of  the  hyperbola.  This  agrees  with  the  results 
deduced  from  equation  (S). 

From  the  data  at  1104°C  we  can  calculate  the  molecular 

■ 

j   field  and  the  moments  of  the  elementary  magnets.      For  this  temper- 
j   ature  we  have 

T  =  1104°  +  273°  =  1377°  Abs. 
Im=  163.6  x  £.77  =  1435 
He  I  I/He 

<m»  m»  »  ^  mm  m-  *—  mmm~  m~  «w»ai«»m0«-:«n»«--«»&~eMr-  »-»»™»o—  tt-<v»MR»^  on 

1400  11.1  0.00793 

2400  16.6  0.00692 

3050  23.3  0.00764 

Mean  value  of    l/He  =  k  =  O.OO753 

Substituting  these  values  in  equation  (9)  -  page        -  we  have 

vj  1        x  134E? 

0.00753      1377  -  154£ 

=  61#0 
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H©no  © 

Hm  =  NIm  =  61  So  x  1435  =  £,#70,000 
From  (11)  we  have 

M  =  UL© 


The  value  of  R  to  he  used  is  that  corresponding  to  one  molecule, 

viz.  R  =  1.36  x  10**16.  Hence 

m  v  -  3  x  1.36  x  10~16  x  134g 
61&0    x  1435 

■  6.21  x  10~20 

The  number  of  elementary  magnets  per  cubic  centimeter  from  (12)  is 

=  2.31  x  1022 

The  number  of  atoms  making  up  an  elementary  magnet  is  given  by 
(13),  viz. 

n  =    d    =  _a 
N'm  N'AmH 

The  values  to  be  substituted  are : - 

d  =  £.77  Nf  =  2.31  x  1022 

=24 

A  =  59.00  mH  =  1.61  x  10 

giving  ^77  

n  =  59.00  x  2531  x  10**  x  1.61  x  10""^ 

=  4.01 

Hence  four  atoms  of  cobalt  make  up  the  elementary  magnet.  The 
value  4.01  is  far  more  nearly  an  exact  integer  than  the  accuracy  of 
the  data  would  lead  us  to  expect,  end  this  is  strong  evidence  of 
the  accuracy  of  the  value  of  ©  • 

It  is  interesting  to  compare  these  results  with  those 
given  in  Table  VII  on  page  50.      The  results  are  summarized  below. 
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Table  X. 
-  *  - 

loll      Jm         ©  N        HIm  =  Hm    x»020    B  »' 

Pe  1^60  2120  756°C  3,^50  6,560,000  5,15  2  4.12  x  1022 
Ni  500  570  376°C  12,700  6,350,000  3.65  6  1.56  x  1022 
Co    1421     1435    1075°C      61#0    £,£70,000      6.21      4     2.31  x  10^ 

As  was  to  "be  expected,  the  values  of  I  and  Im  for  cobalt 
lie  between  the  corresponding  values  for  iron  and  nickel.  The 
same  is  true  of  N  and  N*.        @  however  is  much  higher,  while  the 
intrinsic  molecular  field  is  1/3  larger  than  that  of  iron  or  nickel, 
and  the  moment  of  the  elementary  magnet  is  1/5  larger  than  that  of 
iron  and  2/3  larger  than  that  of  nickel. 

It  is  very  interesting  to  note  that  the  elementary  mag- 
net of  cobalt  consists  of  four  atoms  while  the  elementary  magnet 
of  iron,  as  indicated  by  the  work  of  Kunz,  consists  of  two  atoms, 
and  that  of  nickel  of  six  atoms. 

With  the  aid  of  the  laws  of  electrolysis  we  are  able  to 
calculate  from  these  data  another  very  important  physical  constant, 
namely,  the  elementary  charge,  e.      This  is  done  as  follows. 
The  number  of  atoms  per  cubic  centimeter  of  cobalt  is 

N»  =  n  N  * 

Hence  the  number  of  atoms  per  gram  is 

N  =  N»/d  =  n  N'/d 
and  the  number  of  atoms  per  gram  atom  is 
A «N  =  n«N  *  «A  /  d 

Hence  the  quantity  of  electricity  required  to  deposit  one  gram  atom 

is  n  _  n  N'A 

Q  =   «ve 

d 
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where  v  is  the  valency.  But  from  the  laws  of  electrolysis  we 
have 

Q  =  v  96, 540  coulombs 

=  v9«65  x  10^    c.g.s.  electromagnetic  units. 


Hence 


n  N 'A  ~  r  r 

— - — «ve  =  V9.65  x  10-5 


°r  9*65  x  1Cj  x  d 

e  ~         n  NTS 

Substituting  the  values  obtained  above  we  have 

e  =  ?-6?  x  103  x  g.7Z_ 
4  x  2,31  x  1022x  59 

«>P0 

=  1*55  x  10       c.g.s.  electromagnetic  units. 
The  accepted  value  for    e    is  4.65  x  10"10  c.g.s.  electrostatic 
unite  which  reduces  to  1.55  x  1Q~20  c.g.s.  electromagnetic  units. 
This  exact  agreement  with  the  accepted  value  for    e    is  certainly 
far  better  than  would  reasonably  be  expected,  and  is  further  evi- 
dence of  the  reliability  of  the  results  at  the  high  temperatures. 

1  £ 

The  recent  work  of  Weiss  mentioned  above      gives  values 
for^  for  the  interval  from  1156°C  to  1502°C.      Calculations  of 
N,  M,  Hm,  and    n    based  upon  his  results  are  in  fair  agreement  with 
the  results  deduced  above. 
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Summary • 
-  #  - 

The  chief  results  of  this  investigation  are  the  following: - 

1.  The  saturation  value  of  the  intensity  of  magnetizs tion 
of  oobalt  has  "been  determined  at  intervals  of  one  hundred  to  one 
hundred  and  fifty  degrees  from  22°C  to  1150°C. 

2.  The  n Curie  Pointn,  or  point  of  magnetic  transformation 
from  the  ferromagnetic  to  the  paramagnetic  state,  has  been  estab- 
lished at  1075°C. 

3.  The  curve  giving   5"  as  a  function  of  the  temperature 
has  been  shown  to  be  of  the  same  general  character  as  that  demanded 
by  theory,  though  differing  from  the  theoretical  curve  by  a  con- 
stant amount  throughout  most  of  its  length, 

4.  The  values  of  the  intrinsic  molecular  field,  Hm,  the 
moment  of  the  elementary  magnets,  M,  the  number  of  atoms  in  an  ele- 
mentary magnet,  n,  and  the  elementary  charge,  e,  have  been  calcu- 
lated and  found  to  have  the  following  values :- 

Ej»  =  #,£70,000  n    =  4 

M    =  6.21  x  10~20  e    =    1.55  x  10"20 

The  author  takes  pleasure  in  acknowledging  his  indebted- 
ness to  Professor  A.  P.  Carman  for  the  facilities  for  this  inves- 
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